The FKBP12 (FK506-binding protein 12 kD) immunophilin interacts with several protein partners in mammals and is a physiological regulator of the cell cycle. In Arabidopsis, only one specific partner of AtFKBP12, namely AtFIP37 (FKBP12 interacting protein 37 kD), has been identified but its function in plant development is not known. We present here the functional analysis of AtFIP37 in Arabidopsis. Knockout mutants of AtFIP37 show an embryo-lethal phenotype that is caused by a strong delay in endosperm development and embryo arrest. AtFIP37 promoter::b-glucuronidase reporter gene constructs show that the gene is expressed during embryogenesis and throughout plant development, in undifferentiating cells such as meristem or embryonic cells as well as highly differentiating cells such as trichomes. A translational fusion with the enhanced yellow fluorescent protein indicates that AtFIP37 is a nuclear protein localized in multiple subnuclear foci that show a speckled distribution pattern. Overexpression of AtFIP37 in transgenic lines induces the formation of large trichome cells with up to six branches. These large trichomes have a DNA content up to 256C, implying that these cells have undergone extra rounds of endoreduplication. Altogether, these data show that AtFIP37 is critical for life in Arabidopsis and implies a role for AtFIP37 in the regulation of the cell cycle as shown for FKBP12 and TOR (target of rapamycin) in mammals.
Immunophilins are a family of enzymes with a peptidyl-prolyl cis-trans isomerase activity (PPiase) involved in the folding of target proteins (Kay, 1996; Schiene-Fischer and Yu, 2001; Hur and Bruice, 2002; Shaw, 2002) . Their function has been primarily studied in human immune response as they are receptors for immunosuppressive drugs. Among immunophilins, FK506-binding proteins (FKBPs) are intracellular receptors for the two related drugs, FK506 and rapamycin. FKBPs are found in many organisms, including prokaryotes, animals, and plants (Harrar et al., 2001; Breiman and Camus, 2002) .
While FKBPs differ in size, FKBP12 (12 kD) represents the minimal peptide sequence harboring the two main properties of FKBPs, namely the PPiase activity and drug binding. FKBP12 is a ubiquitous and abundant protein localized in the cytosol of mammalian cells (Maki et al., 1990) . In mammals, FKBP12 is essential since a knockout mouse dies during embryonic development (Shou et al., 1998) , while in yeast (Saccharomyces cerevisiae) loss of FKBP12 function does not affect cell viability (Dolinski et al., 1997) . In the absence of drugs, FKBP12 is associated with receptors such as the type II-TGFb (transforming growth factor b) receptor or calcium channels such as the ryanodine receptor or the inositol-(1,4,5)-triphosphate receptor (Ins(1,4,5)P 3 R). When bound to FK506, FKBP12 dissociates from the receptors resulting in a misregulation of receptor activities. For instance, the activity of the TGFb receptor is leaky in the absence of ligand after the release of FKBP12 by FK506 leading to the inactivation by dephosphorylation of Ins(1,4,5)P 3 R (Cameron et al., 1997) . Experiments on cells from FKBP12-deficient mice indicate that cells are arrested in G1 because of an enhanced TGFb signaling leading to the overactivation of p21, an inhibitor of the G1/S transition (Aghdasi et al., 2001 ). FKBP12 appears thus as a regulator of processes such as the cell cycle. When bound to rapamycin, FKBP12 in mammalian cells associates with and inactivates the target of rapamycin (TOR) protein that belongs to the phosphatidylinositol kinase-related kinases family (Raught et al., 2001) . TOR promotes cell growth in response to nutrients and plays a role in the phosphorylation of several proteins, such as ribosomal S6 kinase and the translation initiation factor eIF4E-binding protein that are required to achieve high levels of protein synthesis necessary for the G1 to S progression in the cell cycle. Inactivation of TOR by treatment with rapamycin mimics nutrient starvation in yeast, fruitfly (Drosophila melanogaster), and mammalian cells. Loss of dTOR in fruitfly results in a cell-type specific pattern of cell cycle arrest that can be bypassed by overexpression of the cyclin E, an S-phase regulator also involved in endoreduplication (Sauer et al., 1995; Zhang et al., 2000) .
In plants, proteins interacting with FKBP12 in the absence or the presence of drug are largely unknown. Only the TOR gene of Arabidopsis has been the focus of a functional analysis in planta, which showed that the disruption of AtTOR leads to embryo lethality (Menand et al., 2002) . In a two-hybrid screen for proteins interacting with AtFKBP12, we had previously identified a protein, FKBP12 interacting protein 37kD (AtFIP37), which interacts with AtFKBP12 in a manner that is disrupted by the FK506 drug (Faure et al., 1998) . AtFIP37 is a single copy gene in the Arabidopsis genome. In this report, we describe the functional analysis by reverse genetics of the AtFIP37 gene, its pattern of expression together with its intracellular localization, and the consequence of AtFIP37 overexpression in planta. Our data demonstrate that AtFIP37 is critical for embryo and endosperm development and is involved in the endoreplicative cell cycle.
RESULTS

Disruption of AtFIP37 Leads to Premature Arrest of Seed Development
To investigate AtFIP37 functions, a search for knockout mutants was performed. Two alleles, atfip37-1 and atfip37-2, were identified using the University of Wisconsin at Madison knockout facility. A third allele, atfip37-3, was identified in the Salk Institute Genomic Analysis Laboratory collection (http://signal.salk. edu; Fig. 1A ). Molecular analysis of the atfip37-1 mutant allele showed that it contains two T-DNA insertions inserted head-to-tail in the eighth intron of the AtFIP37 gene. The atfip37-2 and atfip37-3 mutant alleles each contain a single T-DNA insertion located in the promoter region at ÿ49 bp relative to the transcriptional start site as determined by 59RACE-PCR experiment (data not shown) for atfip37-2 and at the beginning of the first exon for atfip37-3. We observed that it was not possible to isolate plants homozygous for a T-DNA insertion in the progeny of any atfip37 lines. In the progeny of each of the three heterozygous insertion lines, a 2:1 ratio of segregation for BASTA (a marker carried by the atfip37-1 T-DNA) or kanamycin (a marker carried by the atfip37-2 and atfip37-3 T-DNAs) resistance was observed [for instance, resistant to sensitive ratio of 132:71 for AtFIP37/ atfip37-1 progeny; x 2 (2/1) ¼ 0.6; P [ 0.1] instead of the expected 3:1 ratio. This segregation suggested a default of transmission of the atfip37 alleles to the next generation. Further analysis showed that one-quarter of the seeds from heterozygous immature siliques of the three T-DNA lines had an abnormal white color relative to the wild-type green seeds [green to white seeds ratio of 146:41 in AtFIP37/atfip37-1 siliques; x 2 (3/1) ¼ 0.33; P [ 0.1; Fig. 1B ]. The abnormal seeds were randomly distributed along the silique (Fig. 1B) and no segregation distortion was observed, suggesting that the atfip37 mutations had no gametophytic effect. Heterozygous plants displayed no detectable vegetative phenotype.
We further characterized seed development in siliques of heterozygous atfip37-1 plants. The first sign of abnormal seed development was observed in the endosperm. In wild-type seeds, the growth of the endosperm occurs mainly during the syncytial phase, which is characterized by rapid nuclear divisions that are not followed by cell divisions (Fig. 2 , A-C; Boisnard-Lorig et al., 2001 ). This phase is initiated by a series of synchronous nuclear divisions leading to a syncytium with 16 nuclei. After this stage, two or four nuclei situated above the chalaza at the posterior pole stop dividing and initiate cycles of endoreduplication. In parallel, synchronous divisions occur at regular intervals in the rest of the syncytial endosperm leading to developmental stages with approximately 28 nuclei (stage VI), 50 nuclei, and 100 nuclei. After stage VI, nuclear division occurs synchronously in two distinct mitotic domains, the anterior pole that contains the embryo and the peripheral endosperm. At the end of the syncytial phase, an ultimate round of division of peripheral nuclei occurs before the onset of cellularization when the endosperm contains 200 nuclei (Sorensen et al., 2002) . In atfip37 seeds, endosperm growth was (Faure et al., 1998) . B, A heterozygous silique (10 d after pollination [DAP] ) from an AtFIP37-1/atfip37-1 plant.
already limited during the early syncytial phase (Fig.  2E) . A delay in nucleus proliferation was observed as early as the 16 nuclei stage in the wild type since atfip37 endosperm contained only 8 nuclei. This delay corresponding to one mitotic cycle was maintained throughout endosperm development (Fig. 2, F and G compared to B and C, respectively). At the time of endosperm cellularization in the wild type when 200 nuclei are produced during mitotic cycle VIII (embryo at early heart stage), the atfip37 endosperm remained syncytial and contained 90 to 100 nuclei (Fig. 2, J and N) . Endosperm cellularization was delayed until the embryo midtorpedo stage in atfip37 (Fig. 2O ) while multiple cell layers were present in the wild-type endosperm (Fig. 2K) .
In the wild type, the overall anteroposterior patterning of the endosperm is marked by three mitotic domains along the axis (Boisnard-Lorig et al., 2001) and by the absence of cellularization at the posterior pole where multinucleate masses of cytoplasm differentiate (cyst and nodules; Sorensen et al., 2002) . This overall patterning was not affected in atfip37 seeds although the differentiation of mitotic domains along the anteroposterior axis was retarded (Fig. 2 , B compared to F) and the development of a cyst and of nodules remained syncytial (Fig. 2N) .
Embryo development in atfip37 seeds was also strongly retarded in early embryogenesis (Fig. 2 , B-D, F-H); when wild-type embryos had reached the midglobular stage (Fig. 2D) , atfip37 embryos had entered only the early-globular stage (Fig. 2H) . By the late heart stage in the wild type (Fig. 2I) , atfip37 embryos had reached only the midglobular stage (Fig. 2M) . At that stage, cell division in atfip37-1 embryos was still active as shown by observation of mitotic figures. The overall pattern of cell division in atfip37 embryos was similar to wild-type embryos with proper definition of the apical-basal axis and of radial symmetry. After this stage atfip37 embryos did not develop further and some embryonic cells collapsed leading to alteration of the overall embryo pattern. The embryo appeared to die during seed maturation where it became hardly visible. Mature atfip37 seeds (Fig. 2P) were smaller than the wild-type counterpart (Fig. 2L) .
We therefore concluded that the loss-of-function of AtFIP37 causes a sporophytic recessive seed-lethal phenotype that provides evidence for an essential role of AtFIP37 during embryogenesis and endosperm development. Phenotypic defects are characterized by a general delay in the pace of the cell cycle in the endosperm and in the embryo. Pattern elements properly differentiate in the endosperm and during early embryogenesis. Embryo development arrests at the midglobular stage leading to lethality of the seed.
AtFIP37 Is Expressed Throughout Plant Development
To determine whether AtFIP37 expression was limited to embryo development, the b-glucuronidase (GUS) reporter gene was translationally fused to A and E, wild-type and atfip37-1 seeds, respectively, showing early endosperm with fewer nuclei in mutant endosperm; wild-type endosperm is at stage VI (24-28 nuclei) while mutant endosperm is at stage V (16 nuclei). The nucleolus of each nucleus is clearly visible (black arrow); P, posterior pole with two larger nuclei (white arrows) representing the posterior mitotic domain in wild type that is not differentiated yet in the atfip37-1 endosperm. The embryo in A is not visible in this focal plane. B and F, wild-type and atfip37-1 seeds, respectively, showing the reduced size of the atfip37-seeds relative to the wild type. The embryo in the wild type is at the octant stage while the embryo in atfip37-1 is only at the two cell stage. C and G, wild-type and atfip37-1 seeds, respectively, with proper posterior pole differentiation in both wild-type and atfip37-1 endosperm. The posterior pole differentiates properly. c, cyst; n, nodules. D and H, wildtype and atfip37-1 embryos, respectively, showing a late globular stage wild-type embryo while the atfip37-1 embryo has only reached the early globular stage. I and M, wild-type and atfip37-1 embryos, respectively, showing a late heart stage wild-type embryo and an arrested atfip37-1 embryo. Cell division in atfip37-1 is still active as shown (white arrowhead showing early anaphase). Some cells in the mutant embryo have collapsed (black arrowheads) and lead to alteration of the overall embryo pattern. J and N, wild-type and atfip37-1 seeds, respectively, showing the cellularized wild-type endosperm (embryo at early torpedo stage) while atfip37-1 endosperm remains at syncytial stage VIII. K and O, wild-type and atfip37-1 endosperm, respectively, showing a fully cellularized wild-type endosperm while the mutant endosperm shows only some cellularization. L and P, wild-type and atfip37-1 mature seeds showing the reduced size of the mutant seed. A-C, E-G, J, and N are micrographs of whole mount seeds cleared with Hoyer's medium and observed with Normarski optics. D, H, I, K, M, and O are confocal sections of whole mount seeds. L and P are micrographs of seeds observed with a stereomicroscope. Bars ¼ 20 mm (A and E), 40 mm (B, C, F, G, J, and N), 15 mm (D, H, I, K, M, and O), and 160 mm (L and P). a portion of the AtFIP37 gene encompassing 1.3 kb of upstream cis sequences up to the beginning of the second exon (Fig. 3A) . Transgenic lines were generated and stained to visualize GUS activity. As expected from the atfip37 mutant phenotype, GUS staining was observed during embryogenesis (Fig. 3B ). The staining in embryos persisted until the end of embryo development in mature seeds (Fig. 3B) . Staining was also present in endosperm and seed integuments (data not shown). GUS staining was not restricted to embryogenesis and was found in all vegetative tissues and organs tested in seedlings and adult plants. Staining was especially pronounced in primary and lateral roots, in leaves including vascular bundles and trichome cells, and in pollen grains of flowers at the postanthesis stage (Fig. 3, C-G) . Real time quantitative reverse transcription (RT)-PCR experiments were performed on various organs (Fig. 3H) . AtFIP37 transcript was detected in all organs tested including calli and cells. The transcript levels were similar in all organs. Antibodies were raised against the full-length AtFIP37 recombinant protein. Western blots indicated that the protein is also present and in similar amounts in all organs tested (Fig. 3I ). Altogether these experiments have confirmed the wide expression of AtFIP37 throughout plant development. These data indicate that AtFIP37 is expressed in a constitutive manner in most organs of the plant.
AtFIP37 Is Homologous to Mammalian Proteins Involved in Splicing Processes and Is Localized in Intranuclear Speckles
The initial analysis of AtFIP37 protein sequence indicated a weak identity (20%) with FAP48, a mammalian FKBP12 and FKBP59-associated protein (Chambraud et al., 1996) , which has an antiproliferative action and plays a role in T cell activation (Krummrei et al., 2003) . Recently, we observed that two animal proteins, HsWTAP and DmFL(2)D, were found to share stronger identities with AtFIP37 (Fig. 4A) . The human protein HsWTAP is 34% identical (60% similarity) to AtFIP37 over a 203 residue region. WTAP interacts with the Wilm's tumor factor WT1, an antitumoral protein (Little et al., 2000) . WTAP is a nuclear protein localized in splicing speckles and throughout the nucleoplasm and that also colocalizes with splicing factors. The fruitfly protein DmFL(2)D is 34% identical (54% similarity) to AtFIP37 over a 213 residue region. The DmFL(2)D protein is found in nuclear fractions. Although its subnuclear localization has not been determined, DmFL(2)D is clearly involved in the alternative splicing of female-specific pre-mRNAs (Penalva et al., 2000) . Secondary structure predictions suggest that three regions in DmFL(2)D form potential coiled coils (Penalva et al., 2000) . Interestingly, two of these regions are also found in HsWTAP as well as AtFIP37 (Fig. 4A) . Other symbols are as in Figure 1 . B, Embryos (from left to right) at walking-stick, bent-cotyledon, early-mature, and late-mature embryo stages. C, Root apex of a primary root; pr, primary root; ez, elongation zone. D, Lateral root primordium emerging from a primary root; lrp, lateral root primordium; pr, primary root. E, Close-up of a leaf edge showing vasculature and a mature three-branch trichome cell. F, Entire 2-week-old seedling. G, Flower at postanthesis stage. H, Real time quantitative RT-PCR in roots (Ro), rosette leaves (R), stems (S), floral buds (FB), flowers (F), and 9-10 DAP young siliques (YS), old siliques (OS) about 14 DAP, calli (Ca), and cells (Ce). I, Western-blot analysis using a polyclonal antibody raised against the entire AtFIP37 protein. A polyclonal antibody against the b-tubulin was used as a loading control; abbreviations are like in H. Bars ¼ 500 mm in A, B, E, F, and G and 250 mm in C and D.
The cellular distribution of AtFIP37 was investigated to see whether it is localized in the same compartment as WTAP and FL(2)D. An in-frame translational fusion between the entire AtFIP37 protein and the enhanced yellow fluorescent protein (eYFP) was made. The result of transient expression experiments by biolistic transformation of Arabidopsis leaves are shown in Figure 4B . Similarly to the plants transformed with a nuclear localization control, NLS::YFP (Fig. 4B, 1) , the cells transformed with the AtFIP37::YFP construct showed fluorescence only in the nucleus (Fig. 4B , 2-5), showing that AtFIP37 is a nuclear protein. However, the AtFIP37::YFP protein showed a more complex distribution pattern than the NLS::YFP control. The fluorescence was present in speckles within most nuclei (Fig. 4B, 2-4 ) and occasionally as a diffuse signal throughout the nucleoplasm within other nuclei (Fig.  4B5) . The diffuse to speckle distribution ratio was approximately 1:10. The number of speckles per nucleus was usually 15 to 20 (Fig. 4B, 3 and 4) , although occasionally only 5 to 6 could be seen (Fig. 4B, 2) . Hence, consistent with its similarities with WTAP and FL(2)D, AtFIP37 is a nuclear protein that shows a speckled distribution pattern, suggesting a possible role in splicing.
Overexpression of AtFIP37 Affects Trichome Development
Because the embryo-lethal phenotype of atfip37 mutants did not allow us to determine the precise function of AtFIP37 in vegetative plant cells, the AtFIP37 cDNA was placed under control of the constitutive 35S promoter and 52 independent transgenic lines were produced. Northern-blot analysis was used to confirm AtFIP37 overexpression (Fig. 5A) . These transgenic lines all displayed the same and unique phenotype: numerous, highly branched trichomes on the adaxial leaf epidermis (Fig. 5B) . In our conditions, wild-type leaves 1 and 2 had on average 78% three-branch trichomes and 22% four-branch trichomes and no trichomes had more than four branches (Fig. 5, B and C). In 35S::AtFIP37 lines, the total number of trichomes was higher than in the wild type (Fig. 5C ). The proportion of four-branch trichomes increased to 42% to 45% while the proportion of three-branch trichomes decreased. More markedly, a new population of five-branch trichomes appeared. In some lines, a six-branch trichome population was even observed (Fig. 5, B and C) . On average, 5% to 10% of five and six-branch trichomes were counted on leaves 1 and 2 of 35S::AtFIP37 plants (Fig. 5C ). 
Overexpression of AtFIP37 Increases the Endoreduplication Level in Trichome Nuclei
In a nucleus undergoing endoreduplications, successive S-phase occur without intervening mitosis. Endoreduplication is the first visible cellular event in trichome development prior to cell growth and branching (Hü lskamp et al., 1994) . Furthermore, in mature trichomes the level of ploidy correlates with the number of branches (Perazza et al., 1999) . To determine whether trichomes in 35S::AtFIP37 had undergone endoreduplication, we measured the DNA content in these overbranched trichomes. Individual trichomes of wild-type and 35S::AtFIP37 plants were isolated and stained with 49,6-diaminophenylindole (Fig. 6A) and computer assisted image analysis was used to quantify their DNA content. Trichomes of wild-type plants had a major peak of DNA content around 32C (Fig. 6B) , as expected. The vast majority of these wild-type trichomes (94.4%) had a DNA content below 128C. In contrast, the DNA content of 35S::AtFIP37 trichomes showed a much broader distribution with no major peak (Fig. 6B) . A large proportion (44.4%) of 35S::AtFIP37 trichomes had a DNA content shifted toward values above 128C. Some of these trichomes (9%) had a DNA content above 256C. This indicates that these cells have undergone three extra rounds of endoreduplication relative to wild-type trichomes. To determine whether this increase was restricted to trichome cells, we determined the DNA content of cells from various organs, e.g. leaves, cotyledons, and hypocotyls by flow cytometry; no increase in ploidy was detected in 35S::AtFIP37 cell nuclei relative to the wild type (data not shown). Therefore, overexpression of AtFIP37 seems to increase the number of endoreduplication rounds specifically in trichomes.
DISCUSSION
AtFIP37 Is Essential for Endosperm and Embryo Development
The results presented here describe the characterization of the AtFIP37 gene that encodes a protein interacting with AtFKBP12 in yeast and in vitro. Disruption of the AtFIP37 gene leads to endosperm and embryo development arrest indicating an essential A, DAPI staining of a wild-type three-branch trichome and a 35S:: AtFIP37 overbranched trichome. B, Quantification of the DNA content of wild-type and 35S::AtFIP37 trichomes. The most highly branched trichomes were collected from wild-type (three-and four-branch trichomes) and 35S::AtFIP37 plants (five-and six-branch trichomes) and stained with DAPI. DNA level of three-and four-branch trichomes from 35S::AtFIP37 plants was similar to wild-type trichomes. The DNA content was quantified under a microscope with a CCD camera using the SAMBA device (Perazza et al., 1999) . Bars ¼ 150 mm.
role of AtFIP37 during early development of Arabidopsis. Because AtFIP37 is expressed throughout plant development, the function of AtFIP37 is likely to be involved in fundamental aspects of plant cell life, such as cell growth or cell cycle. These fundamental mechanisms would not be required for the early development of the embryo as atfip37 mutant embryos can develop until the globular stage. Interestingly, this embryo-lethal phenotype is similar to the phenotype induced by the disruption of AtTOR (Menand et al., 2002) . TOR is a target of the drug rapamycin and regulates the activity of several proteins such as the S6 ribosomal protein kinase that are required to achieve high levels of protein synthesis. In the presence of rapamycin, TOR is inactivated by forming a ternary complex with mammalian FKBP12 and rapamycin. In the Arabidopsis tor mutant, cell division itself is not inhibited and endosperm and embryo developmental arrests could be the consequence of protein synthesis defects since the first cell divisions in the Arabidopsis embryo require little or no increase in overall cell mass (Menand et al., 2002) . This hypothesis would also explain why atfip37 mutant embryos can develop only until the globular stage and might suggest that AtFIP37 and AtTOR have overlapping functions in embryogenesis.
The lethality of the AtFIP37 mutant could be a consequence of the alteration of FKBP12 function since both proteins interact. However, we have isolated an AtFKBP12 knockout mutant that does not display an embryo-lethal phenotype (J.-D. Faure, unpublished data) . This result indicates that AtFKBP12 is not the unique target of AtFIP37, otherwise both mutants would have a similar phenotype. Because AtFIP37 mutants have the most extreme phenotype, we hypothesize that, besides its interaction with AtFKBP12, AtFIP37 is involved in additional mechanisms or pathways that are essential for plant cell viability.
AtFIP37 does not seem to be involved directly in cytokinesis since cell division was observed in atfip37 embryos. Early steps of wild-type endosperm development involve rapid nuclear divisions without cell division. The fact that endosperm syncytial development is altered in AtFIP37 mutants suggests that AtFIP37 is required for DNA replication and/or nuclear division.
AtFIP37 Modulates Endoreduplication in Trichome Cells
Trichome cells of plants overexpressing AtFIP37 show an increase of DNA content from 32C up to 256C. Endoreduplication requires exit from the mitotic cycle, transformation of the cell cycle to the endocycle by inhibiting the G2/M transition and promoting G1/ S transition, and cell-specific control of the number of endocycles. This process is often cell-specific as guard cells, for instance, exhibit a 2C DNA content while pavement cells exhibit higher DNA content levels (Melaragno et al., 1993) . Because overexpression of AtFIP37 affects endoreduplication only in trichomes, we postulate that the decision of AtFIP37 overexpressing cells to endoreduplicate depends on the competence of cells to stop dividing. Trichome cells differentiate very early in leaf primordia (Larkin et al., 1997) and therefore rapidly cease cell division. Although we cannot exclude that other cell types are similarly affected, the function of AtFIP37 in the endoreduplicative cycle would be more pronounced in these cells in 35S::AtFIP37 plants as they stop dividing earlier than other cells.
In animals, B-type cyclins are typically involved in mitosis, and of the two G1 cyclins, CYCD and CYCE, CYCE is involved in the initiation of DNA replication, whereas CYCD has been implicated as a sensor of the extracellular growth conditions (Datar et al., 2000) . Ectopic expression of one B-type cyclin (CYCB1;2) and of one D-type cyclin (CYCD3;1), specifically in trichomes of Arabidopsis, both induce mitosis, leading to multicellular trichomes (Schnittger et al., 2002a; Schnittger et al., 2002b) . Such multicellular trichomes were never observed in 35S::AtFIP37 plants. Therefore, it is unlikely that AtFIP37 regulates B-or D-type cyclins in Arabidopsis. Although no CYCE homolog is present in the Arabidopsis genome, we cannot exclude the possibility that AtFIP37 regulates a plant cyclin with functions similar to CYCE. In favor of this hypothesis, the specific cell-type endoreduplication in 35S::AtFIP37 trichomes is reminiscent of the specific cell-cycle arrest in dTOR mutant endoreduplicative tissues, a phenotype that can be bypassed by overexpressing CYCE that plays a key role in endoreduplication in fruitfly ).
An increase in ploidy level often correlates with an increase in nuclear volume and cell size in both animals and plants (Melaragno et al., 1993; Cebolla et al., 1999; Edgar and Orr-Weaver, 2001 ). This is also true for trichomes of 35S::AtFIP37 plants as trichome nuclei display a larger volume than wild-type nuclei and trichome cells are enlarged with extra branches. This observation indicates that AtFIP37 does not uncouple the two cellular processes unlike KRP2 for instance, a cyclin-dependent kinase inhibitor that when overexpressed in Arabidopsis affects endoreduplication but not cell enlargement (De Veylder et al., 2001) . From this point of view, overexpression of AtFIP37 mimics the loss-of-function phenotype of trichomespecific genes such as TRIPTYCHON (Schellmann et al., 2002) , KAKTUS (Perazza et al., 1999; Downes et al., 2003; El Refy et al., 2003) , POLYCHOME, and RASTAFARI (Perazza et al., 1999) .
AtFIP37 Protein Might Play a Role in Splicing
The localization of the AtFIP37 protein in speckles within the nucleus and its similarity to HsWTAP and DmFL(2)D strongly suggest that AtFIP37 has a role in pre-mRNA splicing. Interestingly, AtSRp30, an SF2/ ASF-like protein that functions as a splicing modulator, also induces the formation of overbranched trichomes when overexpressed in Arabidopsis (Lopato et al., 1999) . AtSRp30 is expressed ubiquitously including trichome basal cells. Its overexpression also results in changes in alternative splicing of several splicing genes, including AtSRp30 itself.
A possible role for AtFIP37 in endoreduplication is the regulation by alternative splicing of genes that play a role in the cell cycle, especially the endoreduplicative cycle. This assumption cannot be tested in vitro, as no plant splicing extracts are available (Lopato et al., 1999) . Our attempts to identify abnormal splicing of several genes in 35S::AtFIP37 plants involved in the cell cycle, endoreduplication, or trichome development have not been successful so far. It is possible that a modification in splicing of one of these genes specifically in trichome cells could not be detected in our conditions or that AtFIP37 regulates the splicing of other genes yet to be identified. Alternatively, we cannot exclude that AtFIP37 does not regulate cellcycle events and that endoreduplication in trichome cells is an indirect effect of AtFIP37 activity on splicing in overexpressing lines.
In conclusion, this study shows that AtFIP37 is essential for viability in Arabidopsis and appears to be involved in specific cell-cycle regulation. Our findings open up new fields for investigating the molecular mechanisms of AtFIP37 and immunophilin action in plants. The strong phenotype of AtFIP37 mutants together with 1) the general expression pattern of the gene, 2) subcellular localization of AtFIP37 in nuclear speckles, and 3) the similar AtSRp30 and AtFIP37 overexpression phenotype suggest a general role of AtFIP37 in plant splicing events. Future functional studies such as the identification of AtFIP37 protein partners in the plant spliceosome will help us understand the crucial role of AtFIP37 in plant cells.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Transgenic lines 35S::AtFIP37 and P AtFIP37 ::GUS are in the Columbia (Col) ecotype. Five independent transgenic lines were studied that all showed the same GUS expression pattern. T-DNA insertion mutants atfip37-1 and -2 are in the Wassilewskija ecotype while atfip37-3 is in the Col ecotype. Plants were grown at 258C under a 16-h light/8-h dark regime. Wild-type plants were transformed by the floral dip method (Clough and Bent, 1998) using Agrobacterium tumefaciens C58 pGV2260 strain (Deblaere et al., 1985) . Transgenic plants were selected in vitro on Murashige and Skoog medium with onefifth of the normal concentration of macroelements (Koncz et al., 1990) containing phosphinotricin herbicide (1.2 mg 3 mL ÿ1 ) for atfip37-1 line or kanamycin (50 mg 3 mL ÿ1 ) for other transgenic lines.
Tissue Preparation and Microscopy
GUS staining of plant organs was performed as previously described (Gallagher, 1992) with an overnight incubation at 378C. Tissues were then fixed and cleared in an ethanol to acetic acid solution (3:1, v/v) and washed in ethanol 70% (v/v). After progressive rehydration, tissues were mounted in 50% (v/v) glycerol and observed with an Eclipse E-600 microscope (Nikon, Tokyo). Mutant phenotype was observed with Normarski optics in whole mount seeds cleared with modified Hoyer's medium (Mayer et al., 1991) . Observations were done with an Optiphot 2 microscope (Nikon) using 320 differential interference contrast and 340 differential interference contrast objectives. Images were acquired with a small CCD camera and digitized using the software Axiovision (Zeiss, Jena, Germany). Observation of embryo phenotype and of endosperm cellularization were performed with a Laser Scanning Confocal Microscope Zeiss LSM 510 equipped with the software on whole mount seeds stained as reported previously (Sorensen et al., 2002) . We used a 1.4 numerical aperture 363 Plan Apo objective (Zeiss). Single optical sections have a 1.1-to 1.3-mm thickness.
Digital images of whole dried seeds were obtained with an MZ FL III stereomicroscope (Leica, Wetzlar, Germany) with a Plan Apo 31 objective and equipped with an annular illumination system (Leica) and a CCD camera driven by the Leica FW 4000 software. All images were processed with Photoshop software 5.5 (Adobe Systems, Mountain View, CA).
For DNA measurements, trichomes were isolated from the first pair of rosette leaves of 15-d-old soil grown wild-type or 35S::AtFIP37 plants. For each line, trichome cells from about 30 leaves were used. Trichomes were then fixed, stained with 49,6-diamidinophenylindole (DAPI), and the DNA content was quantified by the SAMBA image analysis system as previously described (Perazza et al., 1999) .
Constructs
The 35S::AtFIP37 construct was made by cloning the full-length bluntended 1.1-kb cDNA of AtFIP37 downstream of the constitutive CaMV-35S promoter into the SmaI site of the pBEV1 binary expression vector derived from pBI121 (CLONTECH Laboratories, Palo Alto, CA) from which the GUS reporter gene was deleted.
For the P AtFIP37 ::GUS construct, the approximately 6-kb BglII fragment encompassing the AtFIP37 locus on the bacterial artificial chromosome F24B22 was first isolated and cloned into the BamHI site pBluescript KSII vector (Stratagene, La Jolla, CA). The HindIII promoter fragment was then subcloned into the HindIII site of pBluescript KSII and finally cloned as an approximately 1.5-kb SalI-EcoRV fragment between SalI and SmaI sites of pBI101. The inframe junction between AtFIP37 and GUS genes was verified by sequencing.
For the AtFIP37::eYFP fusion construct, the entire 1.1-kb AtFIP37 coding sequence was isolated as follows. One mg of total RNA from wild-type rosettes was reverse-transcribed with poly(dT) primer and the AtFIP37 sequence was amplified by PCR with specific forward and reverse oligonucleotides containing 59-restriction sites for the subsequent cloning steps (forward 59-TCTAGAATGGAGTTTTCATCACAAGACGA and reverse 59-ACTAGTTTCTCCACCAGCAATTTCTTCTT). After cloning of the amplicon into the pCRII-TOPO vector (Invitrogen, Carlsbad, CA) and sequencing, the XbaI-SpeI fragment was cloned into the XbaI site of vector peYFP-SK upstream of the eYFP gene (Kato et al., 2002) . The in-frame fusion was verified by sequencing and the entire AtFIP37::YFP fusion gene was then cloned as an XbaI-SalI fragment into the binary vector pEL103 digested by XbaI and SacI using a SalI-SacI adaptor, downstream of the 35S promoter (Kato et al., 2002) giving rise to vector pEL-AtFIP37::eYFP. Expression analysis was then performed by transient biolistic transformation of the abaxial (lower) surface of Arabidopsis leaves using the PDS-1000/He Biolistic Particle Delivery System (BioRad, Hercules, CA). Transformations were performed with 5 mg of pEL-AtFIP37::eYFP or pEL103 vector fixed on 3 ng of 1-mm gold beads. Fluorescence was observed 2 d later under microscope equipped with a UV light and a YFP filter (Nikon; excitation filter, 510-520 nm; dichroic mirror, 530 nm; Barrier filter, 540-560 nm).
Knockout Screening and Analysis
For atfip37-1 and -2, mutant screening was performed according to the Arabidopsis knockout facility of the University of Wisconsin Biotechnology Center (http://www.biotech.wisc.edu). For PCR on DNA pools, the JL-202 primer (59-CATTTTATAATAACGCTGCGGACATCTAC-39) corresponding to the T-DNA left-border was combined with either 59 or 39 AtFIP37 specific primers (59-TCCTATTCTCCACCAGCAATTTCTTCTT-39 or 59-TCCTAT-TCTCCACCAGCAATTTCTTCTTT-39, respectively). Positive amplicons were assessed by Southern blot using a full-length AtFIP37 cDNA as a radiolabeled probe. Individual plants in positive pools were screened by PCR with the same oligonucleotides. Transgene segregation in the progeny of positive individual plants was analyzed by selection on phosphinotricin (atfip37-1 mutant) or kanamycin (atfip37-2 mutant). Both alleles were backcrossed into the wild-type ecotype twice and once, respectively, to eliminate potential second-site mutations.
For the atfip37-3 allele, insertion mutant information (accession number SALK_029377) was obtained from the SIGnAL website at http://signal. salk.edu.
Allelism test indicated that the atfip37-3 was allelic to atfip37-1 and atfip37-2 as F1 seeds showed a 3:1 wild-type to aborted seed ratio.
Real Time RT-PCR and Western Blots
Reverse transcription and PCR reactions were performed according to the manufacturer of the ABI 5700-SDS (Applied Biosystems, Foster City, CA) using SyBRgreen as the fluorescent DNA marker. Relative transcript levels of AtFIP37 were calculated with the DDCt method using EF-a as the reference gene. For each gene, one primer was designed to overlap an intron-exon junction to avoid amplification of contaminant genomic DNA. Primers were designed with the PrimerExpress 1.5 software (Applied Biosystems): AtFIP37 forward 59-GTCTCAAAACGCGGAACTTAGAA; reverse 59-TCCATGTGT-TTGTACAGTCCTTCAA and EF-1a forward 59-TGCTTTCACCCTTGGTG-TCA; reverse 59-TGGTGGCATCCATCTTGTTACA.
For western-blot experiments, the anti-AtFIP37 rabbit polyclonal antibody was raised against the full-length AtFIP37 recombinant protein produced in Escherichia coli (expression vector pQE-30, Qiagen, Valencia, CA). Total proteins from plants were extracted as described (Hurkman and Tanaka, 1988) and 40 to 80 mg by sample were migrated on a 12.5% SDS-PAGE. After semidry transfer in Bjerrum and Shafer-Nielsen buffer (48 mM Tris, 39 mM glycine, 20% (v/v) isopropanol, pH 9.2) on nitrocellulose membrane (Hybond-P, Amersham, Buckinghamshire, UK), filters were saturated 2 h in TBS plus Tween 20 (0.1%, v/v) and milk powder (5%, w/v), incubated 3 h in the same buffer containing anti-AtFIP37 (1/1,000), washed three times in TBS plus Tween 20 (0.1%) and incubated 1 h in 1/3000 secondary antibody solution (goat anti-rabbit IgG horseradish peroxydase conjugated, BioRad). Proteins were then revealed using ECL (Amersham) on Biomax MS (EastmanKodak, Rochester, NY) films. b-Tubulin was detected with a 1/250 monoclonal antibody solution (Sigma-Aldrich, St. Louis) and a 1/3000 secondary goat anti-mouse IgG horseradish peroxydase conjugated (BioRad) solution.
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